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Thermal evolution models
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Thermal evolution models

3D Parameygrized, MaateGrnvestipnddsadel é |D Parameterized Model
StamenkeVicitc &4R4 SGAIRCEP) Stamenkovic¢ + (2012, 2016),
Stamenkovi¢ + (2012, 2016) Stamenkovi¢ & Breuer (2014)
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Viscosity controls heat flow
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“Classic” Earth: Viscosity is n(T)

Viscosity for Earth

) Heat transport » We need n(T,P)
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Viscosity through melting curves
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What has changed for the Earth with n(T,P)?

p Heat transport

p Longer melt (~Gyr)

p  What is the effect on

p  We can satisfy
constraints

the magnetic field?

(2107) + 2moquswerg
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Impact of n(T,P) on the magnetic field

p Heat transport
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p Heat transport
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Magnetic field: a look inside the outer core
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Magnetic field: a look inside the outer core

p Heat transport
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Earth’s magnetic field: A “classic” paradox?

© s Dynamo Index (DI)
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Heat transport & magnetic field
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Heat transport & magnetic field
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Geophysical H2 generation

p Heat transport

p Magnetic field
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Geophysical H2 generation: From field to model

p Heat transport

p  Magnetic field
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H2: Time variability on Earth

p Heat transport
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Steep rise Steep decline

p Magnetic field
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P Redox (r): H:
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H2: Function of Fe/Mg
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H2: Testing our Earth model on Mars with TGO

p Heat transport

) Magnetic field

H> (mol/sec/25deg?)

Stamenkovic¢ (2015); Stamenkovi¢ + (2018, in prep)
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Geophysical H2 generation

p Heat transport

p Magnetic field
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Geophysical H2 generation

p Heat transport

p Magnetic field
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Part 1: Thermal Evolution, magnetic field & H:

Dynamo Index (DI)

Time [Gyr]

Jet Propulsmn Laboratory!

' Syt “{ﬁ Cal-}fomla In;trtute of Technology
~ ¢ Callfornla Institute of Technology

Byernm ,-_t,sponsorshlp acknowledged




26

DATA: From Earth
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DATA: From Earth to Mars
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DATA: From Earth to Mars to TRAPPIST-1
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Conclusions

p Mantle viscosity is strongly pressure-dependent.
) The evolution of the Earth strongly depends on initial conditions and a
probabilistic thermal evolution approach is needed.
) Longer lifetime for dynamos and melting on Earth.

p More sluggish lower mantle convection.

i p Time- and spatially fluctuating H2 production predictable for the Earth. H>
formation by serpentinization starts only after ~1-2 Gyr, strongly
dependent of Fe/Mg ratio and mineralogy.

p We need to focus on Earth but we must simultaneously include the
diversity of planets to unveil the fundamental principles at work on Earth.

D Mars helps us constrain the fundamental processes at work, which we could
not do on Earth alone - ExoMars TGO, MSL, and MarsX.

p The TRAPPIST-1 system allows us to explore “many Earths”.
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Part 1: Thermal Evolution, magnetic field & H>

Jet Propulsmn Laboratory
Callforma Institute of Technology




32

Part 2: Plate tectonics & O-
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A greater picture: Global geophysics & life
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The evolution of plate tectonics
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Classic steady-state stresses

e Stresses
} Tectonic modg e 102 104

Stamenkovic + (2016)
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Different tectonic modes

Two temperature Temperature High viscosity (gray) .
isosurfaces & yielding (yellow) " Non-dim. Surface and Basal Heat Flux
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»  Tectonic mode

Away from thermal equilibrium

Two temperature Temperature High viscosity (gray)
isosurfaces slice & yielding (yellow)
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Surface and Basal Heat Flux
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Away from thermal equilibrium

| e Upper Mantle Evolution Through Tectonic Mode Transitions
p Tectonic mode
: Time Evolution of Average Lateral Velocity Profiles in the Upper Mantle
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Away from thermal equilibrium
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Away from thermal equilibrium

Transition from a Stagnant to an Transition from an Active to a
Active Lithosphere Phase Initiates - Stagnant Lithosphere Phase
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Method: “Good” or “Bad”
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Probabilistic approach

Stamenkovi¢ & Seager (2016), Stamenkovi¢ (2018, in prep)
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From hot plumes to cool maintenance?

Plate Yielding Efficiency

»  Tectonic mode
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Water distribution and plate tectonics
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Asthenospheric channels and plate tectonics

. e Nusselt number evolution for various depth-dependent viscosities
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Asthenospheric channels and plate tectonics

Channels and plate tectonics
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The evolution of plate tectonics
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The evolution of plate tectonics
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Towards oxygen

p Tectonic mode
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Towards the rise of oxygen

complex multicellularity

p Redox (0): O; TTTTT1

mitochondria

)

aerobic respiration

[

oxygenic photosynthesis
anoxygenic phototrophy

origin of life

Stamenkovi¢ + (2018, in review); Ward, Stamenkovi¢ + (2018, in review)
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“O: - plate tectonics” feedback?

p Tectonic mode Rise of Oxygen — Plate tectonics

Burial
Oxidation

Serpentinized Zone
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How to oxidize rocks? An exotic example
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O2: Testing our Earth model on Mars

The present spatial distribution of oxygen oases on Mars

p Tectonic mode
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O2: Testing our Earth model on Mars

Bacteria
= PasteurP.
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O2: Testing our Earth model on Mars

Changes in time
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Towards oxygen

p Tectonic mode
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Towards oxygen

p Tectonic mode
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Part 2: Plate tectonics & O3

Burial
Oxidation
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Conclusions

p Non steady-state processes critical for plate tectonics

) A bottom-up approach for plate tectonics? The lower mantle is driver.

p Early start and self-regulation.

p Water distribution is pivotal. Wet on top, dry inside, otherwise flop?

p Asthenospheric channels enhance driving stresses.

p We can now study oxygen-plate tectonics feedbacks and explore the
formation of geophysics-climate-driven oxygen oases.

p Preliminarily results, but we find a positive feedback boosting rising Oz levels.
p Oxygen oases possible without photosynthesis of GOE.

p We need to better understand oxidation processes.

p Modeling oxygen solubilities in various brines as a function of pressure and

temperature shows surprising behavior that could allow on Earth and Mars
oxygen oases without photosynthesis.
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Earth as a planet
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